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In this work we carried out a numerical simulation with software Optigrating 
for Apodization chirped fiber Bragg grating (CFBG) with TOPAS material 
to improve sensitivity sensor, it was found that CFBG with a grating length 
of 50 mm has advantages in terms of ripple factor, side lobe left (SLL), and 
side lobe right (SLR) with values of -0,998 and -10,5264 dB, respectively. 


While the 10 mm CFBG has a narrower full-width half maximum (FWHM) 
with a value of 0.4528 nm. Tanh and Gaussian apodization were arranged in 
the CFBG design, it was found that the Tanh linear-CFBG had a narrow 
FWHM but for the ripple factor and the main lobe and side lobes were not 
good enough compared to the Tanh Cubicroot-CFBG, and the same pattern 
was also obtained in the Gaussian apodization. The narrow FWHM indicates 
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Gaussian the accuracy in detecting temperature, as well as the suppression of SLL and 
Tanh SLR. for the effect of apodization on CFBG it was found that The Tanh 
Temperature Sensor Linear-CFBG design with TOPAS material has the highest sensitivity which 
TOPAS is -51.76 pm/oC compared to other designs. 
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1. INTRODUCTION 

Fiber Bragg grating (FBG) which has a grating with a periodically changing refractive index has 
received great attention in recent years, FBG can be used as optical filters, dispersion compensation in optical 
communications, and optical sensors [1]. The behavior of the Bragg grating which can filter the input signal 
makes it a widely preferred and researched wavelength-based sensor. Factors such as not being susceptible to 
electromagnetic waves, small size, fast and safe response, and biocompatibility make FBG attractive to 
researchers. This has happened since the demonstration of photon-induced refractive index modulation in the 
last three decades. FBG sensor grating has different shapes and is used in various fields such as the oil and 
gas industry [2], aviation [3], medical [4], strain sensing [5], and temperature [6], [7], and monitoring in 
nuclear plants [8]. In general, FBG is sensitive to changes in physical parameters such as strain and 
temperature independently, which we cannot separate the effects of the two quantities normally, but requires 
special measures, as well as simultaneous temperature and strain sensing. Physical information such as 
temperature and strain is encoded in terms of wavelengths. The wavelength of transmission and reflection of 
the reflected signal through the grating provides inseparable information on the influence of temperature and 
the effect of the strain. In separating the effects of the two solutions, the second FBG isolated from the strain 
is used as a reference in temperature measurements while a single FBG is left to measure the temperature and 
strain quantities [9], [10]. 
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Several solutions have been given to separate the effects of strain and temperature, such as the use of 
FBG with different ion doping [11], slanted grating FBG, and interrogation. The method option is carried out 
with optical power to distinguish the effect of cross-sensitivity between temperature and strain, but this 
method provides disadvantages such as low interrogation speed due to the low optical spectrum detection 
speed, so an interrogation system is needed for simulated and real-time temperature and strain monitoring. 

Photosensitivity exploitation has been carried out to enrich the FBG typology by creating a non- 
uniform grating shape. Such exploitation depends on the fiber characteristics and the modulating refractive 
index [12], as a result of this it will be possible to produce an apodization grating [1] that can reject the main 
spectrum lobe or the shifting grating. The variation of the refractive index modulation period makes it 
possible to obtain chirped fiber Bragg grating (CFBG) [13]. CFBG has a reflection spectrum that varies along 
the grating this happens because each part of the grating reflects a different spectrum. The configuration in 
CFBG makes the Bragg wavelength vary linearly along the grating axis so that CFBG has a greater 
reflectance spectrum than uniform FBG in full-width half maximum (FWHM). Uniform FBG has a length of 
up to 50 mm with sensing distance limited to 10 mm, while CFBG has a typical length of 15-50 mm so that it 
has the potential to distinguish spatial events that occur, with this capability CFBG can be an alternative in 
temperature and strain sensing [13], [14], monitoring damage to hybrid composites [15] and measuring shock 
and detonation velocity [16], [17]. 

In a paper, it was reported that CFBG was used in evaluating the sensitivity to temperature with the 
3 nm band using the transfer matrix method in addition to evaluating the temperature, variations in the 
position, and width of the heating on the grating was also carried out [4]. Giovanna et al. [18] described the 
dependence of CFBG on grating parameters which were optimized for several applications and also used a 
wide bandwidth of 56 nm for thermo ablation medical applications. Most of the CFBG studies have only 
been carried out for linear gratings both in temperature sensor applications to demonstrate the gradient of the 
Bragg wavelength shift within a given temperature [19], temperature sensing for possible applications in 
biomedicine [18], and CFBG applications in optical communications such as dispersion compensation. in 
data transfer [20] reported studies for the analysis of the effect of apodization in dispersion compensation 
[21] and also used in WDM technology as a reflector for different apodizations [22], [23], as well as in dense 
wavelength-division multiplexing (DWDM) technology in overcoming pulse widening optical 
communication [24]. 

CFBG contained in single-mode fiber has been used in several applications, including the design of 
CFBG with a length of 50 mm as a temperature sensor and a chirping speed of 0.8 nm/mm, CFBG with a 
length of 15 mm and a chirping speed of 1.33 nm/mm, 45 mm long and chirping speed. 1.24nm/mm, and 
CFBG with a length of 45 mm and a chirp speed of 1.24 nm/mm, most CFBG only use silica which is more 
expensive than CFBG with polymer materials such as TOPAS, polymethyl methacrylate (PMMA), and Tera 
Flex. Meanwhile, the need for optical sensors to increase in many applications, so FBG with polymer 
materials can be an alternative in its use and improve their performance with apodizations [18], 
[19], [25], [26]. 

In this work, we improve perform of CFBG TOPAS material with Tanh and Gaussian apodization 
and then analyze its application as a temperature sensor, parameters such as grating length, profile 
apodization are analyzed as sensor applications. By using Optigrating. The analysis will be carried out for 
each spectrum produced, other types of CFBG such as quadratic, square root, and cubic root become the 
dominant part of this study [27]. 


2. THEORY 

When the signal enters the CFBG, the signal will be filtered, part of the signal is reflected and some 
of it is forwarded. The reflected wavelength is called the Bragg wavelength, mathematically it can be shown 
in (1). 


Asragg = 2Ner fA (1) 
The effective refractive index along the fiber can be defined as in (2). 


Neff (Z) = Ng + f (Z)Ang_v cos (() + 70) (2) 


where z is the position, nis FBG's initial refractive index, A grating period,An,,modulation refractive 


index amplitude, f(z) apodization function, is the chirp function where C is the chirp parameter, v fringe 
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visibility. 9(z) = 27Cz?/A. the working scheme of CFBG can be seen in Figure 1, CFBG has a grating that 
is not the same distance but has regular differences, this factor will affect the wavelength produced, in 
general with a lattice structure like this it will give more ripples around the center of the long waves and also 
has a wider range of wavelengths than the uniform FBG, the transmission spectrum has ripples around the 
center of the wavelength, these ripples are usually used for optical communication to compensate for the 
dispersion that occurs along with the optical fiber, For optical sensors, the important thing and consider is 
how much the reflection spectrum shifts with changes in the environment, in this case changes in temperature 
to be clearer can be seen in Figure 1. 


| \ Input l Chirped Fiber Bragg Grating | Transmission 
l l 


— 


Reflection 


Figure 1. CFBG Scheme 


The Bragg wavelength is affected by the distribution of the effective refractive index and the lattice 
period, as described in (1) and the effective refractive index of the FBG is influenced by the apodization 
profile and the type of chirping on the FBG grating, mathematically it can be seen in (2). Linear-CFBG 
mathematically the CFBG-linear grating structure can be seen in (3). 


A(z) = Ay — = g 


A (3) 


linear-CFBG has a linearly different distance between gratings, as seen in (3), the CFBG grating is arranged 
linearly along with the FBG core. 

Quadratic-CFBG for quadratic-CFBG the distance between the grating structures in the core is 
defined as in (4). 


zr 1 
A(z) = Ao — (2) = ; A (4) 
meanwhile, for quadratic-CFBG, the distance between the gratings corresponds to the quadratic function, the 
CFBG grating is arranged along with the core with the distance forming a quadratic function. 


Squareroot-CFB: for square root-CFBG the distance between the grating structures in the core is 
defined as in the (5). 


Az) = Ay | E-a (5) 


Squareroot-CFBG has a continuous grating in the core with the distance between the gratings equal to the 
square root function. 

Cubicroot-CFBG and the last type is cubicroot-CFBG, the distance between the gratings in the FBG 
core is defined as in (6). 


AG) = Ay -[*F- 3] 4 (6) 
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For cubicroot-CFBG has a lattice along the core which is arranged according to the cubic root function. 
Where A(z) grating period, Ag initial grating, period and A total chirp, L is grating length. In this work the 
effect of CFBG types on the resulting spectrum will be analyzed, meanwhile, the shift in the Bragg 
wavelength from the FBG can be seen mathematically in (7). 


AA, = A, (a + OAT (7) 


From the equation we can see that the Bragg wavelength lambda is affected by the wavelength Ap, coefficient 
of thermal expansion «æ, thermo optical coefficient 9 and changes in temperature AT. 


3. METHOD 

The method used in this research is to perform a numerical simulation of coupled-mode theory in 
explaining the behavior of the transmission and reflection spectra of CFBG, then it will be varied for grating 
lengths with different CFBG structures, the resulting lobes of each spectrum will be investigated. The CFBG 
parameter used is TOPAS with a refractive index of 1.53 and 1.525 in this work, we use Optigrating software 
to analyze the transmission and reflection spectrum of CFBG. The parameters of the CFBG design are in 
Table 1. 


Table 1. CFBG parameters 


Paraneters Value 
Period 0.53219361 
Grating Shape sinus 
Average index uniform 
Periode Chirp Linear, quadratic, square root, and cubic root 
Mod. Index 0.0001 
Total Chirp 0.1 nm 
Expansion thermal 6x 1075/°C 
Thermo-optic —9.3 x 1075/°C 
Grating length 10 mm, 20 mm, 30 mm, 40 mm, and 50 mm 


After defining the parameters on the CFBG, the transmission spectrum and reflection spectrum 
will be obtained, in this case CFBG uses TOPAS polymer material with the coefficient of thermal expansion 
and thermo-optical coefficient as shown in the Table 1. After all defined will be shown the shift in the 
reflection wavelength or sensitivity of the CFBG design. The shift in the reflection wavelength is closely 
related to the sensitivity of the CFBG, in this case CFBG is used as a temperature sensor. 


4. RESULTS AND DISCUSSION 

In this work we use optigrating software to simulate and design a CFBG sensor, the parameters used 
in this simulation are FBG with TOPAS material with a refractive index of 1.53 for the core and 1.525 for the 
cladding. Further related to the parameters used can be seen in Table 1. FBG periodic grating will allow FBG 
to pass certain wavelengths, meanwhile, CFBG will provide wider spectrum, which will be advantageous in 
optical communication as dispersion compensation by delaying wavelength-dependent differential groups, 
we performed numerical simulation using coupled-mode theory In generating the transmission and reflection 
spectrum for each type of CFBG, in the following we will vary the length of the CFBG grating and will look 
at the position of side lobe left (SLL), side lobe right (SLR), FWHM and different main lobe and sidelobe 
and FWHM bandwidth, as shown in Figure 2. The reflection and transmission spectrum can be seen clearly 
in Figure 2(a) and Figure 2(b) respectively. 

Coupled-mode theory (CMT) is used in analyzing the spectrum for any given grating length, several 
grating lengths have been applied in several fields, such as reported that FBG with a narrow FWHM is good 
for temperature and strain monitoring, in the world of optical communication as a dispersion compensator 
that FBG can pass wavelengths. After being simulated using CMT and CFBG linear type used in this 
analysis, the reflection signal is obtained for variations in grating length, CFBG with a grating length of 10 
mm has an FWHM width of 0.4528, SLL at a position of 1549,7144 nm with a power of 0.4528. SLL is - 
13.7218 dB, meanwhile when viewed from the SLR it is at 1550.2856 nm with an SLR power of -13.7258 
dB. The main-lobe peak is at a wavelength of 1550 nm. From these results, we can know the difference 
between SLL and SLR to the main-lobe of 0.2856 nm respectively. This data was obtained when the CFBG 
was designed at a temperature of 25 °C. 
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CFBG with a grating length of 20 mm has an FWHM width of 0.544 nm and SLL and SLR 
positions are at 1550.2704 nm and 1549.7296 nm respectively, while the peak spectrum is at a 


wavelength of 1550.044 so that it has a difference of 0.044 nm when compared to 10 mm CFBG. It can be 
seen in the Table 2. 


Reflectivity(dB) 
Transmittivity (dB) 


1.5495 1.5500 1.5505 1.5510 1.5495 1.5500 1.5505 1.5510 
Wavelength [um] Wavelength [pm] 
(a) (b) 


Figure 2. Comparing simulation result in FBG spectrum depend on grating length and temperature 25 °C, 
(a) reflection and (b) transmission 


Table. 2 Spectrum analysis for several grating lengths 


Grating length FWHM SLL (nm) daya SLL SLR Power SLR Ripple Peak Wavelength 
(mm) (nm) (dB) (nm) (dB) factor (nm) 
10 0.4528 1549.714 -13.7218 1550.286 -13.7258 -0.8925 1550 
20 0.544 1549.73 -12.5627 1550.27 -12.5654 -0.9651 1550.044 
30 0.5376 1549.735 -12.1011 1550.265 -12.1034 -0.987 1550.059 
40 0.568 1549.738 -11.8456 1550.262 -11.8496 -0.9952 1549.934 
50 0.5552 1549.757 -10.5184 1550.243 -10.5264 -0.998 1549.93 


For CFBG with a grating length of 30 nm, the FWHM width is 0.5376, meanwhile SLL and SLR are 
at 1549.735 nm and 1550.265 nm, the difference between SLL and main-lobe is 0.26 nm, an indication of the 
difference between SLL and SLR in the large main-lobe, both for sensors [28], [29]. Table 2 also shows that 
the CFBG experienced a widening of the FWHM along with the increase in the size of the CFBG grating. 
Meanwhile, the ripple factor also shows a good design as a sensor for a size of 50 mm, so for further analysis, 
the grating size is used as long as 50 mm. and for Tahn Apodization can be seen in Figure 3. The reflection 


and transmission spectrum of Tanh Apodization and several Chirped are shown in Figure 3(a) and 
Figure 3(b) respectively. 


— Cubic 
---- Linear A nay Cubic 

a -10 — -; Quadratic zz cesses: Linear 
ZS E aatia AN RR: o eee Square >, — + Quadratic 
2 = — Square 
= ae 
2 £ 
© -20 = 
~ £ 

-30 m 

1.5496 1.5498 1.5500 1.5502 1.5504 1.5496 1.5498 1.5500 1.5502 1.5504 
Wavelength [pm] Wavelength [um] 
(a) (b) 


Figure 3. Comparing simulation result FBG with Tanh apodization and several chirped (a) reflection and 
(b) transmission 
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Figure 3 shows that the spectrum for Than Apodization with several Chirped, from the above 
spectrum we can obtain the values in the Table 3. As seen in the Figure 3 and Table 3, each value of FWHM, 
ripple factor and different sidelobe and main-lobe, Tanh Linear CFBG has the narrowest FWHM with a value 
of 0.5536 nm when compared to other Tanh CFBGs, meanwhile Tanh cubicroot-CFBG has the widest 
FWHM, FWHM which The width is especially suitable for optical communication applications, to 
compensate for the dispersion that occurs during data transmission. In terms of ripple factor, Tanh Cubicroot- 
CFBG has the best ripple factor compared to others. The latter is seen from the different main-lobe and 
sidelobe. Tanh Cubicroot-CFBG has the largest value, so it is very easy to separate the two lobes. Figure 4 as 


shown transmission and reflection spectrum varies as function of wavelength as given in Figure 4(a) and 
Figure 4(b) respectively. 


Table 3. Tanh apodization with CFBG type 
Chirped FWHM (nm) Ripple factor Different sidelobe and main-lobe 


Linear 0.5536 -0.997 0.2432 
Quadratic 0.6536 -0.9997 0.1872 
Square root 0.6192 -0.9999 0.287 
Cubic root 0.6848 0.9999 0.288 


Cubic 
z === Cubic ---- Linear 
Sop O YNA K Linear T — +: Quadratic 
= — + Quadratic E o ary || 2? ||| | |S o eee Square 
=. — Square Z 
= 3 
fi e4 
= 
1.5496 1.5498 1.5500 1.5502 1.5504 1.5496 1.5498 1.5500 1.5502 1.5504 
Wavelength [pm] Wavelength [pm] 
(a) (b) 


Figure 4. Comparing simulation result FBG with Gaussian apodization and several chirped (a) reflection and 
(b) transmission 


Gaussian apodization can narrow FWHM, following spectrum analysis from Gaussian CFBG, the 
parameters analysis is given in Table 4. In this section we will look at the FWHM, ripple factor and the 
different main lobe and sidelobe of the CFBG design, these three factors are very decisive for the 
performance of the CFBG as a sensor, a large different mainlobe and sidelobe will give a good accuracy of a 
CFBG sensor, the ripple factor will affect the noise of the resulting spectrum, and A narrow FWHM will 


clearly show the peak wavelength produced and will give good performance, for further details can be seen in 
the Table 4. 


Table 4. Gaussian apodization with several CFBG 
CFBG FWHM (nm) Ripple factor Different main-lobe and sidelobe (nm) 


Linear 0.3472 -0.9947 0.372 
Quadratic 0.7272 -0.9961 0.33 
Square root 0.7352 -0.9981 0.372 
Cubic root 0.6664 -0.999 0.388 


For each different CFBG, after the simulation, spectrum data is obtained as in the Table 4, which is 
devoted to Gaussian apodization, it was found that Gaussian linear-CFBG obtained a narrow FWHM 
compared to other types of CFBG, and this will be recommended for application as a sensor because it 
requires a spectrum with a narrow FWHM. Meanwhile, what is interesting from the results above is that 
Gaussian Cubicroot-CFBG has a good ripple factor compared to other gaussian CFBGs, this is good for 
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sensor application and dispersion compensation. Meanwhile, when viewed from the different main-lobe and 
sidelobe, the Gaussian Cubicroot-CFBG has the farthest difference compared to other gaussian CFBGs. In 
dispersion communication, FBG is needed which can reduce signal reflection. Meanwhile, for FBG as a 
sensor, an FBG with a narrow FWHM is needed and is able to easily distinguish the peak lobe from the side 
lobe. Figure 5 shows the Gaussian linear-CFBG reflection and transmission spectrum shifts with temperature 
changes in the range of 25 °C to 105 °C. 


—— Transmittivity 


*... Reflectivity 


Transmittivity/Reflectivity(dB) 


1.544 1.546 1.548 1.550 1.552 
Wavelength [pm] 


Figure 5. Bragg wavelength shift with a change in temperature 


As shown in the (7), the shift of each spectrum is obtained, setup thermal expansion and thermo- 
optic coeffient as TOPAS material. In the shift wavelength, it was found that for every 1 °C temperature 
change, the Bragg wavelength shift is -51.63 pm for Gaussian linear-CFBG, with the coefficient of thermal 
expansion given in the Table 1. The Bragg wavelength shifts to the left from the 1550 nm wavelength. This is 
caused by the coefficient of negative thermal expansion as shwon in the Table 1. It can be seen in Figure 5 
that the red line shows the transmission spectrum and the blue line shows the reflection spectrum of CFBG 
with total chirp of 0.1 nm. This result is much larger than previously reported for uniform FBG with the same 
material. This result also shows a greater sensitivity of CFBG with TOPAS material compared to silica 
material which produces a sensitivity of ~14 pm/°C [29]. The sensitivity CFBG with Gaussian and Tanh 
apodization and other chirped as Table 5. 


Table 5. The sensitivity apodization with CFBG type 
Apodization Chirpe Sensitivity (pm/°C) 


Gaussian Linear -51.63 
Gaussian Quadratic -51.75 
Gaussian Square root -51.63 
Gaussian Cubic root -51.74 
Tanh Linear -51.76 
Tanh Quadratic -51.61 
Tanh Square root -51.74 
Tanh Cubic root -51.73 


Table 5 shows how the effect of chirped and apodization on the sensitivity of FBG, CFBG produces 
a wide reflection wave peak, so it has a peak with a wide range, Tanh linear-CFBG has a sensitivity of -51.76 
pm/°C and only has a slight difference when compared to apodization and chirped. another type, for gaussian 
apodization, Gaussian qadratic-CFBG has the highest sensitivity of -51.75 pm/°C with only a slight 
difference in sensitivity. so that the accuracy of the sensor is also needed when viewed from the reflection 
spectrum. 


5. CONCLUSION 

CFBG has been designed with TOPAS material, it was found that CFBG can be applied in optical 
sensors for temperature, performance factors such as sensitivity, ripple factor, SLR, SLL and different 
mainlobe and sidelobe were investigated and found that the TOPAS Tanh Linear-CFBG sensitivity was - 
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51.76 pm/°C, this result is much greater when compared to Uniform FBG TOPAS. When viewed in terms of 
accuracy, cubicroot provides good accuracy, this can be seen from the large difference in the main lobe and 
side lobe. this applies to both apodizations, with values of 0.288 nm for Tanh and 0.388 nm for Gaussian. 
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